Objective: The objective of the study was to analyze the effect of intrathecal transplantation of autologous bone marrow-derived mononuclear cells (BMMNCs) in functional recovery of spinal cord injury (SCI) patients along with neurorehabilitation and to evaluate various factors influencing the outcome of cellular therapy.
Introduction
Spinal cord injury (SCI) is any damage caused to the spinal cord and nerve roots resulting in incomplete or partial loss of function below the level of injury. This may lead to temporary or permanent loss of motor, sensory, or autonomic functions. Depending on the severity and level of injury, the patient may suffer residual muscular and sensory defects. SCI can be categorized as traumatic and nontraumatic. Traumatic SCIs are most commonly caused due to road traffic accidents, falls, sports injuries, etc., while, non-traumatic SCIs are mostly caused due to infections, tumors, or vascular, and degenerative conditions. [1, 2] Decades ago, a person with severe SCI would die within a couple of years after injury due to diseases of the urinary system, cardiovascular diseases, neurological deficits, pneumonia and influenza, septicemia, other infections, suicide, etc. [3] However, in recent years, the outcome has improved considerably due to better surgical and early management techniques at the acute stage of injury. [4] The majority of patients live with residual neurological deficits in the chronic phase of an injury, making them functionally dependent for their activities of daily living (ADLs). Rehabilitation, pain relief, spasticity treatment, and prevention of secondary complications are the only treatment options currently available for SCI patients in the chronic stage. [5] However, these conventional treatments alone do not result in satisfactory functional recovery. [6] The recovery of the patients suffering from SCI is difficult due to the limited ability of the central nervous system to replace the damaged/lost cells, restore disrupted myelin and re-establish functional neural connections. [7] Hence, newer treatments are being investigated with an aim to regenerate and repair the lost neuronal functions. Cellular therapy has emerged as a promising therapeutic strategy due to its ability to address the underlying pathophysiology of chronic SCI. [8] [9] [10] [11] It reduces neuronal damage and inflammation, promotes regeneration, tissue repair at the site of injury, remyelination of the axons and helps in neuroprotection and angiogenesis. [12] [13] [14] In experimental models of SCI, cellular therapy using different cell types has shown to overcome physical disability and promote neurological improvements. [15] [16] [17] [18] Among clinical studies, autologous bone marrow-derived cells have shown to be the most safe and effective cell types, with the ability to promote functional recovery along with sensory and motor improvements without any severe complications. [19] [20] [21] [22] [23] In our previous preliminary study, we demonstrated the safety and efficacy of intrathecal transplantation of autologous bone marrow-derived mononuclear cells (BMMNCs) in dorsolumbar and cervical chronic SCI. [24, 25] In the current study, we performed a detailed analysis of factors influencing the outcome of cellular therapy in sub-acute and chronic SCI patients.
Experimental Section

Study design and objective
An open-label study was conducted including 180 patients of SCI (sub-acute and chronic) at NeuroGen Brain and Spine Institute, Navi Mumbai, India, starting from August 2012 to October 2018. The objective of the study was to analyze the effect of intrathecal transplantation of autologous BMMNCs in functional recovery of SCI patients along with neurorehabilitation and to evaluate various factors influencing the outcome of cellular therapy.
Ethics statement
The study protocol was approved by the Institutional Ethics Committee. The selection of the patients was based on the World Medical Association Declaration of Helsinki: Ethical principles for medical research involving the human subjects. [26] A written informed consent was obtained from all the patients and their caregivers after explaining the intervention in detail with all possible adverse events.
Inclusion and exclusion criteria
Inclusion criteria of the study were as follows: Patients with documented sub-acute (post-injury time [PIT] <12 months) and chronic SCI (PIT >12 months) [27] on magnetic resonance imaging (MRI) or computed tomography scan irrespective of the cause, extent, or completeness of their injury, age for more than 2 years and <80 years. Both males and females with intact higher mental functions were included in the study.
Exclusion criteria of subjects were as follows: Presence of respiratory distress, severe anemia (<9 g/dL), bone marrow disorders, abnormal liver or kidney function, and acute infections such as human immunodeficiency virus, hepatitis B virus, or hepatitis C virus, and malignancy. Other acute medical conditions, include respiratory tract infection or fever or fracture or renal failure pregnancy, and breastfeeding.
Pre-intervention protocol
All patients underwent extensive evaluation by medical and rehabilitation experts according to the protocol. Patients were evaluated for fitness pretherapy using routine blood tests and X-rays. Specific tests, such as MRI spine, electromyography, somatosensory evoked potentials, and nerve conduction velocity, were also performed. Pre-evaluation also included a complete neurological examination, psychological examination, manual muscle testing, and evaluation of motor functions according to the American Spinal Injury Association (ASIA) scale, functional independence according to functional independence measure (FIM), and walking according to walking index for SCI (WISCI) and spasticity was assessed using the modified Ashworth Scale. For the patients who were on anticoagulants, it was stopped 48 h before the procedure and restarted 96 h after the procedure.
Cellular transplantation procedure
Patients were administered granulocyte colony-stimulating factor (CSF), 72 h and 24 h before BMMNC transplantation as it helps in survival and multiplication of the cells. [28] 80-100 mL of bone marrow (based on age and body weight) was aspirated from the anterior iliac crest under local anesthesia using a bone marrow aspiration needle and placed in sterile tubes containing heparin. Bone marrow was diluted in the ratio of 1:1 with normal saline. The diluted bone marrow was subjected to density gradient separation using Ficoll-Paque media by centrifuging at 440 × g rpm for 35 min in a swinging bucket rotor without a brake at 20°C. MNCs were obtained as a buffy coat and were washed 3 times with normal saline by centrifuging at 300 × g for 15 min in a swinging bucket rotor without a brake at 20°C and finally resuspended in 1 ml of normal saline. The number of the cells was assessed manually using a hemocytometer and the viability of the cells was checked using a trypan blue exclusion assay and also confirmed by TALI machine using propidium iodide. The percentage of CD34+cells was assessed using fluorescence-activated cell sorting using BD™ Stem Cell Enumeration Kit (Catalog No. 344563 ). An average of 1.06 × 10 8 cells with 97% viability was administered through lumbar puncture immediately after separation using an 25G spinal needle at the level between the fourth and fifth lumbar vertebrae. 1 g of methyl prednisolone
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Neurorehabilitation
After BMMNC transplantation, all the patients underwent an individualized multidisciplinary neurorehabilitation, which included physiotherapy, occupational therapy, psychological interventions, and aquatic therapy. The rehabilitation program was designed for each patient as per the detailed analysis done before the therapy. All the patients were recommended a home program under the supervision of a professional.
Adverse event monitoring and follow-up
The patients were monitored during their hospital stay of 4 days for any procedure or cell transplantation related immediate adverse events such as fever, headache, nausea, diarrhea, vomiting, pain, allergic reaction, shock, pain, or bleeding at the site of aspiration/injection, and infection.
Patients were followed up after an average of 9 months ± 7 months. At the time of each follow-up a detailed assessment was done which included neurological examination, psychological examination, manual muscle testing, and evaluation of motor functions according to the ASIA scale, functional independence according to FIM, and walking according to WISCI. They were also monitored for any longterm minor or major adverse events during this period.
Outcome measures and statistical analysis
At follow up, changes observed in symptoms were recorded. A percentage analysis was done for each symptom. The objective outcome measures used to record the effects of cellular therapy were FIM and WISCI.
Statistical analyses were performed using SPSS Statistics v20 software. Non-parametric Wilcoxon signed-rank test was used to test the statistical significance of the difference in the scales WISCI, FIM, and before and after transplantation. A significance level of 0.05 was chosen for all tests.
Results
Demographics
Cellular therapy was performed in 180 patients, among which 160 were males (88.88%) and 20 were females (11.11%). The age range was between 2 and 76 years, with an average age of 32.01 years. For detailed subgroup analysis, patients were categorized based on age, level of injury, and duration since SCI number of transplantations and severity on ASIA [ Table 1 ].
Symptomatic analysis
Percentage analysis of the improvements in various symptoms of SCI was performed [ Table 2 and Figure 1 ].
Along with percentage analysis, changes in the scores of FIM and WISCI were also analyzed. It was found that 69.44% of patients showed improved scores on the FIM scale while 37.22% showed improved scores on WISCI. The improvement in scores was also analyzed statistically using Wilcoxon signed-rank test and it was found that these improvements were statistically significant (P < 0.05) [ Table 3 ].
Factors affecting the outcome of intervention
Subgroup analysis was performed for various factors to study their influence on the outcome of intervention with respect to functional recovery.
Level of SCI
All patients were categorized into two groups, namely, cervical and dorsolumbar to understand the effect of level of injury on the functional outcome after cellular therapy. It was found that 70.08% of patients with dorsolumbar injury showed improved scores on the FIM scale while 68.25% of patients with cervical injury showed improved scores [ Table 4 ].
Chronicity of injury
Based on the chronicity of injury, patients were divided into two groups: Intervention administered within 12 months from injury and after 12 months from injury. It was observed that FIM scores improved in 77.04% of patients who underwent cellular therapy within 12 months of injury and in 65% of patients who underwent cellular therapy after 12 months. This indicates a better outcome in patients who were administered cellular therapy within 1 year of injury [ Table 5 ].
Age
All the patients were divided into three groups based on their age: Below 18 years, 18-40 years, and 40 years and above. It was found that maximum patients in the group of below 18 years of age showed improved FIM scores indicating a better outcome in the younger population of SCI [ Table 6 ].
Number of transplantations
The effect of the number of cellular transplantations was analyzed by comparing the outcome on FIM in patients who underwent single and two doses. Fifty-four patients underwent a second dose. It was observed that higher percentage of patients (79.62%) who were administered the second dose showed improvements as compared to those who underwent a single dose of cellular transplantation (65.07%) [ Table 7 ].
Severity based on ASIA
The functional outcome of cellular transplantation was studied with respect to the severity of injury based on ASIA. All grades on the ASIA scale showed significant improvements on percentage analysis. However, only 33% of patients with Grade D showed improvements. However, this could be inconclusive as there were only three patients in this group [ Table 8 ].
Discussion
SCI is an injury to the spinal cord that results in varying degrees of paralysis and/or sensory involvement. [7] It can result in longlasting dysfunction thus, significantly affecting the quality of life of patients. Moreover, the prevalence rate has also been increasing every year, mostly in young adults causing serious clinical, social and economic burden across the globe. [1] Despite major advances in the medical and surgical care of SCI patients, no effective treatment exists for the neurological recovery of patients with chronic SCI, and they experience substantial neurological dysfunction and lifelong disability. Various neuroprotective and neuroregenerative therapies are being extensively investigated and cell-based therapy has emerged as a promising treatment option as it addresses the underlying core pathophysiology of SCI.
Pathophysiology of SCI
The pathophysiology of SCI involves two phases; primary injury phase, which is followed by a cascade of secondary injury. Primary injury is caused due to the initial events such as shearing, laceration, compression, and distraction. Within a few minutes after the damage, the spinal cord suffers severe hemorrhages mainly in the grey matter area and subsequently leads to necrosis at the lesion site. This event initiates the occurrence of vasospasm, thrombosis, and spinal cord edema resulting in ischemia. [29, 30] After the primary injury, a complex array of secondary pathophysiological events is initiated which expands the area of neural tissue injury. Various inflammatory cells such as macrophages, microglia, T-cells, and neutrophils infiltrate at the injury site and triggers the release of inflammatory cytokines such as tumor necrosis factor-α, interleukin (IL)-1α, IL-1β, and IL-6. [31, 32] Excitatory amino acids, such as glutamate and aspartate, are also released causing excitotoxicity at the injury site. [33] Ionic homeostasis is also lost resulting in intracellular hypercalcemia which activates calcium-dependent proteases and causes mitochondrial dysfunction of the cells. [34] All these biochemical changes in neuronal and glial cells lead to increased dysfunction and apoptotic cell death over hours to weeks after the initial insult. Glial scar is formed in the chronic phase due to the release of reactive astrocytes, fibroblasts, and activated microglial cells. [35] [36] [37] The apoptotic loss of cells causes demyelination and damage to the axon, and scar formation contributes to the inhibitory environment for axonal regeneration, thus interrupting sensory and motor neuronal transmission to and from the brain. [38, 39] 
Rationale for autologous BMMNCs transplantation in sub-acute and chronic SCI
Cellular transplantation has shown to promote physiological recovery in SCI either by direct cell replacement or through various paracrine mechanisms. [40] To study their clinical, functional benefits, we administered autologous BMMNCs in 180 sub-acute and chronic SCI patients, intrathecally. These cells are safe, free from ethical issues and do not undergo malignant changes or genetic abnormalities. [24] [25] 41] They are a mixture of mesenchymal stem cells, hematopoietic stem cells, macrophages, endothelial progenitor cells, etc., and thus exhibit a combined effect of all these cells. [42] Bone marrow-derived cells either differentiate into neurons to restore the neuronal transmission or into oligodendrocytes or astrocytes for remyelination. Animal studies have revealed extensive remyelination after transplantation of BM cells into the demyelinated rat spinal cord. [43] They can also carry out the repair process through various paracrine mechanisms. BMMNCs secrete various neurotropic and neuromodulatory molecules such as connective tissue growth factor, IL, vascular endothelial growth factor (VEGF), glial cell-derived neurotrophic factor, insulin-like growth factor 1, and basic fibroblast growth factor. [44] Neurotrophic factors promote neuronal sprouting, synaptogenesis, and increase neurotransmission by increasing the release of neurotransmitters. These factors can ameliorate the toxic environment thus preventing apoptosis and stimulating survival and growth of the affected neural cells thereby improving their synaptic connectivity. [45] BMMNCs secrete cytokines which promote hematopoietic cells to adhere to the endothelium promoting angiogenesis. [46] A preclinical study reported that bone marrow stem cells help in motor function recovery in rats with SCI, by upregulating VEGF mRNA expression and increasing angiogenesis in the spinal cord. The anti-inflammatory molecules secreted by these cells reduce inflammation and microglial activation thereby promoting neuroprotection. [47] These factors also induce endogenous cells to increase neuronal plasticity. The growth and neurotrophic factors stimulate the cells to form bridges at the injury site, which act as support for regrowing nerve fibers to rejoin. [48] The same has been demonstrated in another study where marrow stromal cells formed physical, nerve fiber-permissive tissue bridges which lead to longterm functional improvement in rats. [49] These cells also secrete exosomes which are involved in the transportation of biochemical molecules that play a role in cell communication.
Exosomes also suppress the inflammatory response and the activation of neurotoxic reactive astrocytes, thus reducing the neural cell death. [50] 
Intrathecal route of administration
To gain optimal outcome of cellular transplantation, it is vital to identify the best possible route of administration. Cells can either be transplanted directly into the site of injury or through intravenous, intraarterial, or intrathecal routes. However, direct transplantation is an invasive procedure and involves a high risk of secondary damage. Studies have revealed that through intravenous route, very few cells reach the damaged site as most of the cells get trapped in the lungs, liver, and spleen. Moreover, intraarterial infusion is accompanied by a high incidence of micro-occlusion whereas [51, 52] intrathecal transplantation is relatively less invasive [53] and the cells can mobilize directly to the site of injury through CSF. This has been validated in a study where green fluorescent protein labeled MSCs could migrate from a distant site into the injured spinal cord through the CSF. [54] Neurorehabilitation As a part of the study protocol, after transplantation, all patients underwent a multidisciplinary personalized neurorehabilitation program, which included physiotherapy, occupational therapy, psychological therapy, and aquatic therapy. Rehabilitation plays an important role, as it further enhances the effect of stem cells. [55] A study found that on combining bone marrow stem cell therapy and exercise, the functional improvements were significantly greater as compared to single or no therapy. [56] Task-oriented training and physical therapy have shown to increase neurotrophic factors, endogenous proliferation and help in spinal reorganization. [57] Clinical results
In the current study, patients showed improvements in various symptoms such as sitting and standing balance, bed mobility, trunk stability, upper limb function, mobility, sensation, and
ADLs. It was observed that the improvements achieved were faster and better as compared to standard treatments. These observations were made by experts, patients, and their families. This may be explained by synergistic and augmentative positive effects of cell therapy with neurorehabilitation. Eleven patients out of 53 showed improved healing of pressure sore. FIM and WISCI were used as outcome measures to quantify the functional recovery after cellular transplantation. FIM is a widely accepted assessment tool to evaluate the functional independence of the patient. About 69.44% of patients improved on the FIM scale which reflects on significantly improved quality of life [58] WISCI scale was used to measure the change in ambulation of these patients. [59] Though with support, patients were able to improve their mobility and thereby elevate their mood, confidence, and self-esteem. Improvement in scores of FIM and WISCI after cellular therapy was also statistically significant, suggesting a significant relationship between the effect of cell therapy and functional improvements.
Further, subgroup analysis was performed to analyze the influence of the following factors on the outcome of intervention: (i) Level of injury, (ii) chronicity, (iii) age, (iv) number of transplantation, and (v) severity based on ASIA. After cellular therapy and rehabilitation, the majority of the patients showed improvements in motor and sensory functions based on the level of injury. Patients with injury at C3 and above need ventilator support for breathing therefore they were not included in this study. Patients with injury at the C4-C5 level showed better motor and sensory improvements in the upper limbs and trunk than lower limbs. Sometimes, changes in these patients may be apparent after a longer time and with more than one transplantation. Patients with injury at C6-D1 cervical level showed improvements in postural hypotension. Then, they initially improved in the upper limb and trunk muscle strength, and with time standing balance and ambulation were improved. Standing independently with walker and ambulation differed from person to person. If there was no other musculoskeletal complication, ambulation with calipers and walker was possible with time and regular rehabilitation. Patients with dorsolumbar level of injury showed better improvements in bed mobilities, bowel bladder sensation, trunk muscle strength, balance, and mobility (with assistive devices such as push-knee splints and walker). This suggests that lower the level of injury better is the result after cell therapy and rehabilitation.
Based on the chronicity of injury, the patients who underwent early intervention, i.e. within 12-months post-injury showed better improvements as an increase in the chronicity leads to scar formation which makes repair difficult. As compared to the acute phase, cellular therapy in the chronic phase or subacute phase is more likely to be successful as the environment is more permissive after the inflammatory response subsides.
When patients were analyzed based on age, better improvements were observed in the age group of below 18 years, followed by young adults (18-40 years) and patients above 40 years. This indicates that younger patients respond better to cellular transplantation, possibly for multiple reasons, including a greater number of stem cells being available, greater neuroplasticity, and better response to neurorehabilitation.
Our study also suggests that two doses of transplantation are more beneficial as compared to a single dose of BMMNC transplantation. This was also demonstrated by Park et al. in their studies. In one of their studies, they observed 60% of patients improved after multiple transplantations. [60, 61] The severity of SCI depends on the type of injury whether it is complete (ASIA A) or incomplete (ASIA-B, C, and D).
Although the percentage analysis in this study showed around 70% of patients improving in Grades A, B, and C, it was observed by medical experts that incomplete injuries showed better motor and sensory response as compared to that of complete injury. Similar results were observed in a study conducted on 297 SCI patients using BMMNCs. [21] In a study done by Park et al., it was observed that after autologous bone marrow cell transplantation in conjunction with the administration of granulocyte macrophage-CSF, four patients showed neurologic improvements in their American Spinal Injury Association Impairment Scale (AIS) grades (from A to C). One patient improved to AIS Grade B from A and the last patient remained in AIS Grade A. [62] In this study, we also monitored the adverse events to establish the safety of intrathecal transplantation of autologous BMMNCs. Throughout the follow-up duration, no patient experienced any serious adverse events. However, immediately after intervention, four patients reported minor procedurerelated side effects such as fever and spinal headache which were managed with medication during their hospital stay.
Limitations
One of the limitations of this study was the lack of a control group. However, patients with duration of SCI longer than 12 months who had shown plateau in the recovery phase may be considered as self-controls. Furthermore, a neuroimaging study or a biomarker would help validate the results at a cellular level.
Conclusions
Autologous BMMNC transplantation is a safe and effective therapeutic strategy for sub-acute and chronic SCI patients. It significantly reduces functional deficits and makes these patients independent in performing their ADL. In this study, patients who underwent early intervention, i.e., within 12-months post-injury showed better improvement. Patients who were administered more than one dose of BMMNCs demonstrated enhanced functional outcomes. Increased functional independence was noted in patients below 18 years followed by young adults (18-40 years) and patients above 40 years. Both cervical and dorsolumbar levels of injury showed significant improvements in motor and sensory deficits. Cellular therapy also benefitted bladder and bowel functions.
Overall, in addition to standard treatment, cellular therapy can achieve higher functional goals and help patients of SCI lead to a better quality of life.
